Excessive accumulation of free radicals in the body can cause liver damage, aging, cancer, stroke, and myocardial infarction. Anastatin B, a skeletal flavonoid, was reported to have antioxidant and hepatoprotective effects. Anastatin B derivatives, compound 1 and 2, were synthesized by our group previously. In this study, their antioxidant activity and hepatoprotective mechanism were studied using Moreover, their hepatoprotective activities evaluated using a mouse model of CCl 4 -induced liver injury that compared with the model group, pretreatment with compound 1 and 2 significantly decreased alanine transaminase (ALT), aspartate transaminase (AST), lactate dehydrogenase (LDH), and malondialdehyde (MDA) levels; reduced the liver tissue damage; and increased glutathione content.
Introduction
Accumulation of ROS in our body could disturb the metabolic redox balance causing detrimental effects that nally lead to liver injury (liver brosis and cirrhosis), neurodegenerative damage (Alzheimer's disease, Parkinson's disease, and Huntington's disease), aging, cancer, and diabetes. [1] [2] [3] [4] [5] [6] [7] [8] In the last several decades, antioxidants have generated considerable interest as potential therapeutic drugs against a wide variety of chronic diseases. [9] [10] [11] [12] [13] [14] Excessive accumulation of free radicals in the liver can lead to liver damage, brosis, and cirrhosis, and can eventually cause liver cancer. Consequently, antioxidants have been proposed as promising compounds for the prevention and treatment of hepatic damage. 15 Free radicals contain unpaired electrons, and they are generated by the normal metabolic pathways in the body. They mainly act in the body by targeting unsaturated fatty acids in biomembranes, and cause membrane lipid peroxidation (a hallmark of hepatotoxicity), decrease membrane uidity, suppress enzyme and receptor activity, and damage membrane proteins, which nally triggers cell inactivation and death. Therefore, free radical scavenging is one of the major antioxidation mechanisms inhibiting the chain reaction of lipid peroxidation. 16 Antioxidant capacity can be reected by the ability to inhibit or remove free radicals, such as total reducing antioxidant power, and scavenging of ABTSc + , DPPHc, and other radicals.
17-19
PC12 cells model of H 2 O 2 -induced oxidative-damage is useful for evaluating the properties of antioxidants in vitro.
20
H 2 O 2 , a major ROS with high cellular membrane permeability, causes lipid peroxidation and DNA damage in cells. It is oen used as a toxicant to mimic in vitro oxidative stress-induced injury. PC12 cell line was derived from a rat pheochromocytoma of the adrenal medulla, and is a model system for neurological and neurochemical studies.
21
CCl 4 -induced hepatic injury is an experimental model widely used for hepatoprotective drug screening. 22, 23 In damaged liver cells, cell membrane integrity is damaged and ALT and AST leak into the blood stream leading to an increase in their plasma levels. CCl 4 targets the unsaturated fatty acids in biomembranes forming lipid peroxides such as MDA, releasing LDH, and decreasing cellular GSH levels. Therefore, AST, ALT, MDA, LDH, and GSH levels can indirectly reect the extent of liver damage caused by CCl 4 . The main mechanism of CCl 4 -induced liver injury involves CCl 4 metabolites and free radicals. CCl 4 is catalyzed by CYP2E1 to produce unstable free radicals of trichloro-methyl (cCCl 3 ), proxyl trichloromethyl (cOOCCl 3 ), and reactive oxygen species (ROS).
24
Flavonoids have many bioactivities, such as antioxidant, antitumorigenic, antidiabetic and anti-inammatory activities. [25] [26] [27] [28] Flavonoids can prevent injury caused by free radicals and display potent antioxidant activity in vitro by the mechanisms including direct scavenging of reactive oxygen species, activation of antioxidant enzymes, inhibition of oxidases, et al. 24, [29] [30] [31] The antioxidant capacities of many avonoids are much stronger than those of vitamins C and E. 31 Flavonoids are thought to have health-promoting properties due to their high antioxidant capacity in vivo.
32,33
Anastatin B, a skeletal avonoid compound that was isolated from the desert plant Anastatica hierochuntica, has shown hepatoprotective activity in injured primary rat hepatocytes.
34
Compound 1 and 2, two anastatin B analogs, were rst synthesized in our laboratory (Fig. 3A) . 35 This study was designed to investigate the protective effects of compound 1 and 2 by using chemical evaluation assays in vitro, a PC12 cell model of H 2 O 2 -induced oxidative damage, and a mouse model of CCl 4 -induced liver injury.
Materials and methods
Cell lines and culture conditions PC12 cell line was obtained from the Shanghai Institutes of Biological Sciences (Shanghai, China). Cells were grown at 37 C in RPMI-1640 supplemented with 10% fetal bovine serum, 2.05 mM glutamine, and 1% penicillin/streptomycin in a humidied atmosphere containing 5% CO 2 . The medium was replaced once every third day.
MTT assay for H 2 O 2 -treated PC12 cells H 2 O 2 -induced oxidative-damage PC12 cell model was established and the cell viability was evaluated by MTT assay as a measure of the antioxidant activity of test compounds 31 gallic acid (GA), a well-known potent antioxidant, was used as a positive control in MTT assay. For each treatment, the mean cell viability was calculated from three independent experiments.
Flow cytometric analysis of apoptosis
Apoptotic cells were assayed by using the Annexin-V-FITC Apoptosis Detection Kit (BD Biosciences, USA) according to the manufacturer's instruction. H 2 O 2 -induced oxidativedamage PC12 cell model was established and it was treated with DMSO, GA, compound 1 or compound 2 (10 mM) for 0.5 h. Cells were then harvested, washed twice with ice-cold PBS and resuspended in 1Â binding buffer to reach a nal concentration of 1 Â 10 6 cells per mL. Cells were stained by adding 5 mL of Annexin-V-FITC and 5 mL of PI (50 mg mL À1 ), sit for 15 min at room temperature in the dark and analyzed by ow cytometry.
Antioxidant activity by FRAP assay
FRAP assay measures the antioxidant capacity to reduce ferric 2,4,6-tripyridyl-s-triazine (TPTZ) complex to its ferrous form. Antioxidant activity by FRAP assay of compound 1 and 2 were performed as described previously. The vitamin C (Vc) standard was diluted to different concentrations (100-600 mg mL À1 ) for the experiment. The ferric-reducing antioxidant power in the reaction medium was calculated from the calibration curve derived from a serial dilution of the Vc standard. Equivalent amounts of Vc for the test compounds were calculated from three independent experiments.
Antioxidant activity by ABTSc + assay
The ABTS radical cation assay is one of the most commonly used methods for screening and evaluating antioxidants currently. Radical scavenging activities of test compounds were measured using a modied ABTSc + assay. EC50 values for the test compound were calculated from three independent experiments by nonlinear regression using Graph Pad Prism 5.0.
Antioxidant activity by DPPHc assay
For the DPPH radical scavenging activity assay, different concentrations of test compounds (50 mL, 0.02-20 mM) were incubated with 50 mL DPPHc (78.8 mM) at 37 C for 30 min and absorption measured at 540 nm. EC50 values were calculated as described above.
Animals and experimental design
Kunming mice (male, 4 weeks) were obtained from PLA Military Academy of Medical Sciences Laboratory Animal Center (Beijing, China). All experiment involving animal use were performed with the approval or the institutional animal care and use committee at Tianjin University or Science and Technology. The mice were housed at 25 AE 2 C under a 12 h light/12 h dark cycle with access to food and water ad libitum. Aer acclimation for 1 week, the animals were randomly divided into nine groups (n ¼ 
Histological analysis
For evaluation of hepatotoxicity, the tissue xed in 10% formalin was embedded in paraffin and cut into 5 mm-thick sections for histomorphological examination. Aer drying, hepatic tissue section slides were stained with hematoxylineosin (H&E). The stained sections were visualized using a microscope.
Biochemical analysis
Serum was analyzed for ALT, AST, LDH, MDA, and TNF-a levels according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Glutathione (GSH) levels were determined in hepatic homogenates using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The results were corrected for their protein content.
Western blot
Briey, liver tissues were homogenized in cold saline. Equal amount of protein were separated by 10% SDS-PAGE and electro-transferred onto a PVDF membrane. Aer blocking with 5% (w/v) nonfat milk, the membranes were incubated with CYP2E1 antibodies (Tianjin Sungene Biotech Co. Ltd., China; diluted 1000 fold) overnight at 4 C, and then incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h. The immunoblots were visualized using an Odyssey infrared imaging system. An anti-tubulin antibody (SigmaAldrich; diluted 2000 fold) was used as a control for equal loading. The densities of protein bands were determined using ImageJ soware.
Statistical analysis
All data were expressed as mean AE SD. Results were analyzed by one-way analysis of variance (ANOVA), and signicant differences were determined by post-hoc Tukey test using SPSS 21.0 soware. #P < 0.05 compared to control group; ## P < 0.01 compared to control group; *P < 0.05 compared to model group; and **P < 0.01 compared to model group. P value < 0.05 was considered as signicant.
Results

Antioxidant ability of compounds 1 and 2 in vitro
Antioxidant ability was examined using the ABTSc + and DPPHc scavenging and total reduction capacity assays ( 
-induced injury
To investigate whether cytoprotection could be ascribed to the antioxidant effect, we assessed the effect of compounds 1 and 2 on H 2 O 2 -mediated PC12 cell injury. As shown in Fig. 1B , compounds 1 and 2 at 0.1-10 mM exhibited no or low cytotoxicity. However, the viability of PC12 cells when exposed to H 2 O 2 (100 mM, 2 h) signicantly decreased to 31.67% as compared to that reported for the control group (100%) (Fig. 1C) . When PC12 cells were pretreated with compounds 1 in the presence of 100 mM H 2 O 2 , a reversal in the decrease of cell viability caused by H 2 O 2 was observed and the cell viability increased to 90.4% and 80.2% at doses of 3 and 10 mM, respectively. Compound 2 showed a stronger cytoprotective effect in PC12 cells with H 2 O 2 -induced injury than compound 1 did and signicantly increased cell viability from 0.3 to 10 mM. The positive control GA exhibited no cytotoxicity in PC12 cells. The viability of the gallic acid-pretreated PC12 cells was 63.59% at 10 mM. The results in Fig. 1 suggest that both test compounds, especially compound 2 at low concentration, have better antioxidant activity than gallic acid did.
Compounds 1 and 2 protect PC12 cells against H 2 O 2 -induced apoptosis
It was obvious that treatment with H 2 O 2 caused a typical apoptotic morphology change in PC12 cells, such as cell shrinkage and/or blebbing. As shown in Fig. 2A , the apoptotic cells were clearly observed in PC12 cells aer treatment with H 2 O 2 for 2 h. Nevertheless, the PC12 cells pretreatment with GA, compound 1 or 2, the normal cells was increased. Flow cytometric analysis also showed that GA, compound 1 or 2 can protect PC12 cells against H 2 O 2 -induced injury apoptosis, when the cells were double labelled with annexin-V-FITC and PI (Fig. 2B ). Aer pretreatment with GA, compound 1 or 2, the apoptotic rates (annexin V+) in H 2 O 2 -treated PC12 cells were declined to 39.4%, 1.2% and 26.0% of the total cells (10 mM, 0.5 h) whereas 65.4% of the total cells were observed as apoptotic cells in the control. Fig. 2 suggest that both test compounds, especially compound 1 at low concentration, have better antiapoptotic activity than gallic acid did.
Compounds 1 and 2 ameliorated CCl 4 -induced liver injury
Next, to determine the protective effects of compounds 1 and 2 on CCl 4 -induced hepatotoxicity, mice were pretreated with different doses of compounds 1 and 2 by gavage once daily for ten days. H&E staining showed that CCl 4 administration caused massive necrosis in the liver. Pretreatment with compounds 1 and 2 (10, 30, and 100 mg kg
À1
) ameliorated CCl 4 -induced hepatic necrosis (Fig. 3A) . Both AST and ALT levels, markers of liver injury, dramatically increased aer CCl 4 treatment. Consistent with the histological data, pretreatment with compounds 1 and 2 signicantly reduced serum AST and ALT levels in CCl 4 -treated mice in a dose-dependent manner (Fig. 3B) . These results suggest that pretreatment with compounds 1 and 2 effectively protected the liver against CCl 4 toxicity.
Oxidative stress and inammation could be induced by CCl 4 administration and play an initial, important role in the development of CCl 4 hepatotoxicity. Twenty hours aer CCl 4 administration, liver samples were removed to assess oxidative stress. The liver oxidative stress parameters LDH and MDA signicantly increased in the CCl 4 group compared to those in the normal group. However, the reduced LDH and MDA levels in mice pretreated with compounds 1 and 2 (Fig. 3C ) suggest that these compounds could alleviate CCl 4 -mediated oxidative stress. To further investigate the mechanisms of antioxidation affected by pretreatment with compounds 1 and 2, we evaluated the body's antioxidant defense system such as liver levels of the Fig. 1 The in vitro antioxidant activities of compound 1 and 2 against H 2 O 2 -damaged PC12 cells. Cell viability of compound 1 and 2 (A)-treated PC12 cells was evaluated by MTT assay with or without H 2 O 2 -damaged (B and C). IC 50 was calculated to reflect the cytotoxicity of compound 1 and 2. The DMSO-treated controls were assigned a cell viability value of 100%. Gallic acid was used as a positive control. *P < 0.05 compared to DMSO-treated control cells. antioxidant GSH. In CCl 4 -treated mice, there was a signicant decrease in GSH level (7.39 mmol g À1 prot) compared to that observed for the control group (222 mmol g À1 prot). However, pretreatment with compounds 1 and 2 suppressed this decrease, especially compound 2 at a high concentration. GSH level in compound 2 high-dosage group (100 mg kg À1 ) was 168.29 mmol g À1 prot compared to 151.69 mmol g À1 prot observed in the BP-treated positive control group (Fig. 3D ).
To investigate whether pretreatment with compounds 1 and 2 could alleviate CCl 4 -mediated inammation, we measured the serum TNF-a level in these mice. As noted in Fig. 4A , compounds 1 and 2 alleviated the CCl 4 -induced increased serum TNF-a level. Next, to investigate whether modication of the CCl 4 metabolism pathway is involved in the observed hepatoprotective effect of compounds 1 and 2, we checked the protein expression levels of hepatic CYP2E1 by western blotting. It is known that CCl 4 toxicity results from its reductive dehalogenation by cytochrome P450 into highly reactive free radicals such as trichloromethyl. As shown in Fig. 4B , hepatic CYP2E1 protein expression was signicantly upregulated in CCl 4 -treated model group. However, pretreatment with compounds 1 and 2 effectively suppressed this increase.
Discussion
The number of studies has suggested protective effects of avonoids against many infectious and degenerative diseases such as cardiovascular diseases, cancers, liver disease, diabetes and other age-related diseases.
36,37
A new skeletal avonoid anastatin B, which was isolated from the methanolic extract of an Egyptian medicinal herb, was found to be hepatoprotective in primary cultured mouse hepatocytes. Compound 1 and compound 2, two avonoid anastatin B derivatives, were synthesized by our group previously. 37 In the present study, the antioxidant capacity and hepatoprotective activity of compound 1 and 2 were evaluated using chemical evaluation assays, an H 2 O 2 -induced PC12 cell model, and a CCl 4 -induced liver toxicity model.
The in vitro antioxidant activity of compounds 1 and 2 in the DPPHc and ABTSc + scavenging activity assays as well as the FRAP assay were comparable to those of the positive control Vc, suggesting both compounds have favorable antioxidant properties and the ability to scavenge free radicals. Furthermore, both compounds 1 and 2 could reverse the decrease of cell viability caused by H 2 O 2 and remarkably increase the cell viability. In addition, compounds 1 and 2 (especially compound 2) showed hepatoprotective effects against CCl 4 -induced liver injury in mice. The present study shows that compounds 1 and 2 possess potential antioxidant activity and hepatoprotective effect both in vitro and in vivo. Antioxidant capacity can be reected by free radical scavenging activity, which is one of the major antioxidation mechanisms inhibiting the chain reaction of lipid peroxidation. In our study compound 1 and 2 showed potent antioxidant properties to scavenge free radicals ( Table 1 ). The results indicated that compound 1 and 2 might proposed as promising compounds for the prevention and treatment of oxidative stress caused chronic diseases. On the basis of this analysis and previous work, we suppose that both two compounds might prevent the oxidative stress-induced injury in cell level, even in vivo. To verify our supposition, we next study the antioxidant capacity of compound 1 and 2 using H 2 O 2 -induced injury in PC12 cell model. As we expected, both test compounds, especially compound 2, have better antioxidant activity than GA did on H 2 O 2 -mediated PC12 cell injury. To further study whether compound 1 and 2 could ameliorate oxidative stress-induced injury in vivo, we a CCl 4 -induced liver injury mice model was used to against CCl 4 -induced liver injury in further chemobiological studies of these compounds and their enzymatic targets are ongoing in our laboratory. # P < 0.05 compared to control group; ## P < 0.01 compared to control group; *P < 0.05 compared to model group; **P < 0.01 compared to model group. P value < 0.05 was considered as significant. Fig. 4 Effect of compound 1 and 2 on TNF-a (A) and CYP2E1 activity (B) in the liver microsomes of mice treated with CCl 4 . All data are presented as means AE SD, n ¼ 8. # P < 0.05 compared to control group; ## P < 0.01 compared to control group; *P < 0.05 compared to model group; **P < 0.01 compared to model group. P value < 0.05 was considered as significant.
Conclusions
In the present study, the antioxidant activities and hepatoprotective mechanisms of compounds 1 and 2 were assessed. Both compounds 1 and 2 had good antioxidant and radical scavenging abilities in vitro. Both compounds showed cytoprotective activity in H 2 O 2 -treated PC12 cells. Both of them were potent hepatoprotectants in a mouse model of CCl 4 -induced hepatotoxicity. Compound 2 was a more effective hepatoprotectant than compound 1.
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